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Abstract: Selenium (Se) biofortification is a promising agronomic strategy to enhance
the dietary intake of this essential micronutrient while simultaneously adding value to
agricultural by-products like Brassica oleracea L. var. italica leaves. This study evaluated the
effects of foliar Se biofortification on a fresh market broccoli cultivar (‘Belstar’) using selenite
and selenate (1 and 2 mM). Growth performance, biochemical properties, nutraceutical
quality, and phytohormone profiles of broccoli leaves were analyzed, highlighting their
potential as functional by-products. Multivariate analysis revealed that 2 mM selenite
application was the most effective treatment, significantly improving several parameters.
Selenium biofortification with 2 mM selenite increased essential nutrient content, including
Se, Ca, S, Fe, Min, Mg, and Mo. It also enhanced the soluble protein content (+2.2-fold),
phenolic compounds (+1.5-fold), and total antioxidant capacity (+1.4-fold) compared to
control plants. In this sense, the nutraceutical quality of broccoli leaves was markedly
improved, supporting their use as a source of bioactive ingredients. Additionally, to assess
practical applications, water-extracted Se-enriched broccoli leaves demonstrated antifungal
activity against the plant pathogen Fusarium solani, attributed to Se-induced alterations
in phytohormone profiles. These findings suggest that Se-biofortified broccoli leaves can
serve as a sustainable source of essential nutrients and bioactive compounds for the food
industry. Furthermore, their antifungal properties position them as potential eco-friendly
biopesticides to combat plant pathogenic fungi, thereby promoting sustainable agriculture.
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1. Introduction

Selenium (Se) is an essential micronutrient for animals and humans and is involved
in the function of the catalytic center of different selenoproteins [1]. Several studies have
reported that Se has antioxidant effects [2,3], which can be related to immune functions and
anticancer properties [4]. It is a natural element found worldwide in soils [5]. However,
Se deficiency in the population occurs when the concentration of this mineral in the soil is
low, and, consequently, the plants exhibit reduced accumulation. It is estimated that over
one billion people worldwide suffer from selenium deficiency [6]. Thus, vegetable crops
enriched with Se from various species are receiving significant research interest [5,7-9].
In this particular instance, Se biofortification in brassica species such as kohlrabi (Brassica
oleracea var. gongylodes), white cabbage (Brassica oleracea L. var. capitata), red cabbage
(Brassica oleracea var. capitata f. rubra), savoy cabbage (Brassica oleracea L. var. sabauda),
cauliflower (Brassica oleracea var. botrytis), and broccoli (Brassica oleracea L. var. italica) is an
effective strategy for increasing the intake of Se by humans without exceeding the maximum
tolerable intake (400 pg Se day’l) [10-14]. Therefore, some studies have reported the foliar
application of Se in broccoli plants to achieve commercial production of Se-enriched broccoli
under field conditions [13,15-17]. In a previous study, it was demonstrated that the foliar
application of Se to broccoli plants is an effective and efficient strategy for obtaining plant
products (broccoli heads) that could be good sources of Se and should not represent a
risk of toxicity for human consumption [13]. We also demonstrate that the level of Se was
greater in leaves than in the head after Se application, indicating the potential value of this
agricultural biomass [13].

Broccoli by-products, particularly leaves, represent an underutilized resource with
significant potential for valorization in sustainable agricultural and industrial practices.
Broccoli heads constitute less than 25% of the plant’s total aboveground biomass, leaving
substantial crop residues such as leaves and stems [18-21]. These by-products pose sig-
nificant challenges to global agricultural efficiency, as they represent considerable waste
with potential negative environmental impacts [19,22]. However, reducing agricultural
biomass waste is essential for fostering sustainability and supporting the transition to a
circular economy. The recovery and valorization of these residues offer promising solutions
to mitigate waste [20], with recent advancements emphasizing their transformation into
valuable products such as biofuels, bioplastics, and functional materials, thereby reducing
dependence on finite resources and mitigating environmental pollution [23]. Broccoli
leaves, for instance, have been identified as rich sources of bioactive compounds, including
glucosinolates, phenolics, and antioxidants, which can be utilized in functional food formu-
lations [19,20,24]. Additionally, these by-products have shown promise as plant growth
promoters and raw materials for bio-based antimicrobials targeting plant pathogens [21-24].
The development of a biomass economy has further highlighted the potential to convert
agricultural by-products into economically viable solutions, such as energy production,
bioactive chemicals, and biodegradable materials, reducing greenhouse gas emissions and
minimizing landfilling [25-27]. Innovative approaches such as bioprocessing and biofortifi-
cation further enhance the value of broccoli residues, contributing to more sustainable and
circular agricultural systems while creating new economic opportunities [28-30].

The present study aims to evaluate the impact of selenium biofortification, focusing on
the application of two different Se species (selenite and selenate) at concentrations of 1 mM
and 2 mM, as a strategy to enhance both the nutritional value and functional properties
of broccoli leaves. Selenium biofortification was investigated for its ability to increase Se
content, improve antioxidant capacity, and elevate phenolic compounds and soluble protein
levels, thereby enhancing the nutraceutical quality of these by-products. The study also
explores the antifungal activity of Se-enriched broccoli leaf extracts against Fusarium solani,
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attributed to a Se-induced modulation of phytohormones, including methyl jasmonate
and salicylic acid. By addressing global Se deficiencies and promoting environmental
sustainability through the valorization of agricultural residues, this work highlights the
dual benefits of Se biofortification for improving human health and supporting sustainable
agricultural practices.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Broccoli seeds [Brassica oleracea var. italica ‘Belstar’ F1 (Bejo Zaden B.V.)] were sown
in multicell trays and then grown in a greenhouse located at the Experimental Field for
Intensive and Forestry Crops, Faculty of Agricultural Sciences, Universidad Nacional del
Litoral (Esperanza, Santa Fe, Argentina), during the autumn-winter season of 2022. After
four weeks of growth, seedlings of the same size were selected to improve plant uniformity.
The seedlings were transferred to 15 L pots with a substrate composed of GrowMix®
Multipro (Terrafertil, Buenos Aires, Argentina) and were irrigated periodically with
50% Hoagland solution. Pots were placed 0.6 m from each other in rows spaced at 0.7 m,
obtaining a plant density of 2.4 plants m 2. Plants were placed on three subplots (49 plants
per subplot), where a completely randomized plot design was applied. In each subplot,
edge effects were considered. Broccoli plants were grown for 90 days in a greenhouse
under semi-controlled conditions with 76% relative humidity, an average temperature of
27/16 °C (day/night), and a PAR solar radiation of 800 ytmol m 2 s~1.

2.2. Foliar Application of Selenium

The foliar application of Se was carried out following the methods of Mufioz et al. [13]
and Trod et al. [31]. Briefly, at the beginning of head formation (main stage 41 of plant de-
velopment of harvestable vegetative parts, according to the BBCH phenological scale) [32],
each plant was sprayed with approximately 10 mL of a solution containing 0, 0.5, or
1 mM of selenate or selenite (Na;SeO,, NaySeOs; Sigma-Aldrich, Berlin, Germany). This
stage, equivalent to 68 days after transplanting (DAT), was characterized by a growing tip
width greater than 1 cm. During spraying, 0.1% Rizospray Extremo® (Rizobacter, Rosario,
Argentina) was used as an adjuvant to facilitate foliar penetration of Se. The application
of Se was repeated after 10 days (main stage 43) to reach a final concentration applied
of 0, 1, and 2 mM. Distilled water with the adjuvant was utilized for treatments without
Se supply (control). Control plants were separated physically with plastic foil to avoid
cross-contamination during spraying. For each treatment, three plants were employed
(n = 3), considering all the parameters measured and determined in this study [13].

Plants were harvested 90 DAT at commercial maturity (when the heads reached their
maximum size and presented green and compact flower buds) and were immediately
transported to the laboratory in a cold storage cabinet on ice to preserve their freshness.
The different analyses on the heads (fresh weight, firmness, and diameter) were performed
within 3 h postharvest.

2.3. Morphological and Physiological Parameters

Plant height (PH), plant leaf area (LA), and the plant chlorophyll index (CI) were
measured at 78, 85, and 90 DAT. These time points were selected considering the stages of
broccoli head development. At 78 DAT, 10 days after the first Se application, parameters
were measured to assess initial effects. At 85 DAT, when the heads reached approximately
half of their commercial size, additional measurements were taken. Finally, at 90 DAT, when
the heads reached optimal commercial quality, the last set of parameters was measured.
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These stages were based on protocols previously described by Mufioz et al. [13] and
Trod et al. [31].

Plant height was measured using a ruler. Three randomly selected plants per treatment
were measured from the ground level to the apical meristem. After that, Plant Relatives
Elongation Rate (PRER) was calculated. To estimate the PRER, height measurements were
transformed into natural logarithms and plotted against the DAT. A linear regression fitting
in the interval comprising the days of measurements was performed, and the slopes were
PRER estimates [33].

The estimation of LA per plant was performed following the allometric Equation (1)
described by Céccoli et al. [33]:

LA = (Lx WxF) xn (1)

where L and W are the length and width of the central leaflet of each leaf (cm), respectively;
F is the allometric factor (0.615) calculated from leaf samples (n = 100); and n is the number
of leaves per plant.

The CI was measured with a SPAD-502 chlorophyll meter (Minolta Camera Company,
Tokio, Japan).

At harvest, the main broccoli heads were cut off, leaving a 5 cm long stem. The heads,
leaves, and stems were weighed, and fresh weights were recorded. Then, the broccoli
tissues were dried at 65 °C until they reached constant weight to calculate the dry weight.

Surface firmness measurements on each head were conducted at three different posi-
tions using a digital Turoni durometer with a spherical tip (model 53215TT; T.R. Turoni®,
Forli, Italy). The average values obtained were expressed in shore firmness units.

Head diameter measurements were taken with a digital caliper on two opposite sides
in the equatorial zone on each head. The average values were reported in millimeters.

2.4. Biochemical Parameters

Briefly, the leaf from the seventh internode of three plants per treatment (including
control plants without foliar selenium application) was collected and used in triplicate
for all biochemical parameters measured (n = 3). After leaf collection, each leaf was
individually handled for biochemical quantification. The detailed manipulation of the
leaves is explained in Sections 2.4.1-2.4.6.

2.4.1. Soluble Protein Content

The extract was prepared by grinding 0.3 g of frozen broccoli leaves with liquid
nitrogen in a chilled grinder, followed by the addition of 1 mL of 50 mM sodium phosphate
buffer (pH 7). The sample was recovered and centrifuged at 16,090 x g for 20 min at 4 °C
(Thermo Scientific Sorvall ST16R, Fisher Scientific, Waltham, MA, USA). The supernatant
was placed in 2 mL Eppendorf tubes, and the precipitate was discarded. The soluble protein
content in the supernatant was determined by the Bradford method [34]. The results were
expressed as mg of soluble protein g~ of tissue dry weight (DW).

2.4.2. GSH-Px Activity

The antioxidant activity of the enzyme glutathione peroxidase (GSH-Px) was measured
using extracts obtained from frozen leaf tissues through the technique described by Paglia
and Valentine [35]. The absorbance of the samples was determined at 340 nm using a
spectrophotometer. The activity of the GSH-Px enzyme was expressed as U g~ ! of tissue
DW and calculated using the following Equation (2):

AA

u =
8 min

()
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where F is a constant used to convert the absorbance per minute (AA min~ 1) to enzyme
units (U). The F was calculated using the following Equation (3):

RV
F= (sv) %5/6.22 3)

where RV is the reaction volume (in mL), SV is the volume of the sample (in mL), 5 is the
volume (in mL) used to dilute 1 g of tissue during enzymatic extraction, and 6.22 is the
NADPH molar extinction coefficient (in mM cm™1).

2.4.3. Total Phenolic Compound

The total phenolic compound content was evaluated using Folin—Ciocalteu reagent
by spectrophotometry at 760 nm, as described by Lemoine et al. [36]. This value was
expressed as mg gallic acid equivalent g~ of tissue DW. All measurements were performed
in triplicate.

2.4.4. Evaluation of Total Antioxidant Capacity

To estimate the antioxidant properties of Se-treated broccoli leaves, the total antioxi-
dant potential of the extracts was determined by a free radical scavenging technique using
the ABTS reagent 2,2 -azino-bis-3-ethyl-benzothiazoline-6-sulfonic acid), as described by
Kusznierewicz et al. [37]. The antioxidant capacity was expressed as mg ascorbic acid
equivalent g~ ! of tissue DW.

2.4.5. Extraction, Purification, and Quantification of Endogenous Leaves Hormones

The endogenous plant hormones were extracted and purified following the method
described by Llugany et al. [38] with some modifications. Briefly, 250 mg of fresh ma-
terial was ground in an ice-cold mortar with 750 pL extraction solution constituted by
MeOH:2-Propanol:HOAc (20:79:1 by vol.). After that, the supernatant was collected after
centrifugation at 1000x g for 5 min at 4 °C. These steps were repeated two more times
and pooled supernatants were lyophilized. Finally, samples were dissolved in 250 uL
pure MeOH and filtered with a Spin-X centrifuge tube filter of 0.22 pm cellulose acetate
(Costar, Corning Incorporated, New York, NY, USA). Hormone quantification was per-
formed using a standard addition calibration curve spiking control plant samples with the
standard solutions of Salicylic acid (SA), (£)-Jasmonic acid (JA), Methyl Jasmonate (MJA),
(+)-cis,trans-Abscisic acid (ABA), 3-Indoleacetic Acid (IAA), and Aminocyclopropane-
1-carboxylic acid (ACC), ranging from 5 to 250 ppb, and extracted as described above.
Deuterated hormones Jasmonic-2,4,4-d3-(acetyl-2,2-d2) acid (JA-d3) and Salicylic acid-
d6 (SA-d6) at 30 ppb and 300 ppb, respectively, were used as internal standards in all
the samples and standards measurements. All standards were purchased from Sigma-
Aldrich® (Barcelona, Spain). Plant hormones were analyzed by LC-ESI-MS/MS system
in multiple reaction monitoring mode (MRM) according to Segarra et al. [39]. First, hor-
mones were separated using HPLC Acquity (Waters, Milford, MA, USA) on a Luna Omega
1.6 um C18 100° 50 x 2.1 mm (Phenomenex®, Waters, USA) at 50 °C at a constant flow
rate of 0.8 mL min~! and 10 pL injected volume. The elution gradient was carried out
with a binary solvent system consisting of 0.1% formic acid in methanol (solvent A) and
0.1% formic acid in milliQ H,O (solvent B) with the following proportions (v/v) of solvent A
[t (min), %A]: (0, 2), (0.2, 2), (1.6, 100), (2, 100), (2.1, 2), and (3, 2). MS/MS experiments were
performed on an ABI 4000 Qtrap mass spectrometer (Perkin-Elmer Sciex, Framingham,
MA, USA). All the analyses were performed using the Turbo Ionspray source in negative
ion mode except for MJA and ACC.
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2.4.6. Total Se and Mineral Elements Determination

Total concentrations of Se, potassium (K), phosphorus (P), boron (B), zinc (Zn), copper
(Cu), nickel (Ni), Ca (calcium), Mg (magnesium), S (sulfur), Fe (iron), Mn (manganese),
and Mo (molybdenum) were analyzed by Inducted Coupled Plasma Mass Spectrometry
(ICP-MS). Prior to analysis, 300 mg of lyophilized tissue (leaves) were acid-digested with
10 mL of a mixture of HNO3;/H,0O, (7:3, v/v) in a closed vessel of HP500 PFA at 180 °C
and 1.9 atm for 45 min using a microwave digestion system (Mars 5, CEM, Matthews, NC,
USA). The digested samples were filtered using 0.22 pm syringe filters and diluted until
3% HNO3. The samples were analyzed using an Agilent 7900 ICP-MS system (Agilent
Technologies, Inc., Lexington, MA, USA). The element S was measured by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES, Agilent 5900, USA). The mineral
concentration was calculated based on DW and then converted to values based on fresh
weight to calculate the recommended daily allowance (RDA, %).

2.5. Preparation of Broccoli Leaf Aqueous Extracts

Nine grams of lyophilized broccoli leaf powder were homogenized in 60 mL of ice-cold
distilled water using an immersion blender (SL-SM6038WPN 600 W, Smartlife, Buenos
Aires, Argentina) through six pulses of 30 sec each. The homogenate was filtered through
a muslin cloth and subjected to centrifugation at 16,090 g for 20 min at 4 °C (Thermo
Scientific Sorvall ST16R, Fisher Scientific, Waltham, MA, USA) to remove insoluble debris.
This step was repeated to ensure complete clarification. The final volume of the extract was
adjusted with distilled water to obtain a stock solution with a concentration of 30% (w/v).
The prepared extracts were aliquoted and stored at —20 °C until further use.

2.6. In Vitro Antimicrobial Activity of Aqueous Extracts on the Growth Inhibition of
Fusarium solani

To assess the impact of broccoli leaf aqueous extracts on the growth of Fusarium solani
f. sp. eumartii isolate 3122 (EEA-INTA, Balcarce, Argentina), in vitro bioassays were per-
formed following the protocol described by Guevara et al. [40], with some modifications.
Briefly, 10 puL of a spore suspension (3 x 10° spores mL~! in distilled water) was mixed
with 40 pL of each broccoli leaf extract, selenite (0.485 pg, equivalent to the Se content in
40 pL of selenite-enriched broccoli leaf extract), or distilled water (control), all supple-
mented with 30% sucrose (w/v). The mixtures, with a final volume of 50 uL, were in-
cubated in darkness at 18 °C for 20 h. Following incubation, samples were observed
using bright-field microscopy at 40x magnification with a Nikon Eclipse E200 microscope
(Nikon, Tokyo, Japan). Hyphal and spore lengths were measured using Image] software
v4 [41]. Three independent experiments were conducted, and the hyphal growth index
was calculated as the ratio between the average hyphal length and spore length.

2.7. Statistical Analysis

The experimental data were statistically analyzed using InfoStat statistical software
version 2017 [42]. The significance of the difference among the mean values was determined
by one- or two-way analysis of variance (ANOVA) with subsequent multiple comparisons
of means by the least significant difference (LSD) test. A two-way ANOVA was applied to
evaluate the effects of foliar Se application and the growth time (Treatment x DAT) on the
evolution of morphological parameters (PH and LA). Correct application of ANOVA was
checked by residual normal distribution (Shapiro-Wilks test, QQ plots) and homoscedas-
ticity (Levene test, residual plots). Differences at p < 0.05 were statistically significant.
Data were provided as the meaning from three values for every parameter measured
(n = 3) 4+ standard error.
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To obtain an appropriate interpretation of the variable correlation and its relative
weight on the results, a multivariate analysis was performed. Thus, principal component
analysis (PCA), biplot analysis, and minimum spanning tree (MST) analysis were per-
formed. The quality of the PCA was analyzed by considering the cophenetic correlation
coefficient (CCC) value.

3. Results and Discussion

3.1. Evaluation of Changes in Morphological and Physiological Parameters During the Growth
Stages of Broccoli Plants

In this study, the impact of foliar Se application on various growth parameters of
broccoli plants was evaluated. As detailed in Table 1, Se treatments did not significantly
affect PH at 78, 85, or 90 days after transplanting (DAT). These findings suggest that Se
application did not change plant height until harvest time (90 DAT), consistent with the
results of Mufioz et al. [13]. Our findings also align with those of Ghasemi et al. [15], who
reported no significant changes in PH following Se application in broccoli grown under field
conditions. Similar observations were made in sesame [43], Atractylodes macrocephala [44],
Salvia officinalis [45], strawberry [46], and tomato [47] after foliar Se applications. These
results suggest that foliar Se application at the tested doses does not affect plant height;
however, higher doses may inhibit growth, as observed in lettuce [48].

Table 1. Effect of foliar selenium application on the growth parameters (plant height, PH; plant leaf
area, LA) of broccoli plants.

PH (cm) LA (cm?)
Days After Transplanting (DAT)
Treatment
78 85 90 78 85 90
Control 15.0£1.5 19.3 +£2.8 242 +3.1 99.5£39 103.0 £15.8 107.5 £ 11.7
fg cdef a abcd abc abc
Selenate 13.7 £ 09 19.5+0.9 240+£12 959 £1.3 107.17 £ 5.6 107.0 £ 6.2
1mM g bedef ab bed abc abcd
Selenate 155403 185+ 15 233+£25 1022 +£5.1 121.5 +16.8 110.6 +22.8
2mM efg def abc abcd ab a
Selenite 122 £0.2 16.7£0.3 223+03 769 £55 102.1 +£10.7 124.6 £ 16.1
1 mM g efg abcd d abcd abc
Selenite 153 £ 0.9 197+15 222+16 889+72 103.2 + 14.6 91.7 £11.8
2mM efg abcde abcd cd abcd cd
Treatment X
DAT 0.9542 0.9093
(p-value)

Note. The results are expressed as the means (1 = 3) & standard errors. The means not sharing any letter are
significantly different according to the LSD test at the p < 0.05 level of significance.

Leaf area, a crucial morphological trait contributing significantly to biomass accu-
mulation and photosynthetic efficiency [49], showed no significant differences between
treatments at 78 DAT. Similarly, no statistically significant variation in LA was observed at
85 DAT among the different treatments (Table 1). At harvest time (90 DAT), LA showed
no marked differences between treatments, consistent with Mufioz et al. [13], who found
that foliar Se application did not affect LA in ‘Belstar’ and ‘Legend’ cultivars grown under
field conditions. This stability in LA across treatments aligns with the natural progression
of the plant’s developmental stages. At the end of the vegetative stage (68 DAT, when Se
application was performed), leaves expand and accumulate photoassimilates, supporting
overall plant growth. As the plant transitions to the reproductive phase, leaf expansion
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stops, and mature leaves supply photoassimilates to the developing head, a sink for dry
matter accumulation [50]. Consequently, these observations suggest that Se does not im-
pact leaf growth once the broccoli plant transitions from the vegetative to the reproductive
phase [50-52].

The plant relative elongation rate (PRER), on the other hand, is a straightforward
parameter to assess and provides relevant data on variations in plant growth [37]. The foliar
application of Se did not modify PRER (Table 2). Previous research has identified PRER as
an early indicator of plant stress, often used to detect the onset of adverse conditions [33].
The unchanged PRER values suggest that the foliar Se concentrations used in this study
were non-toxic to the plants. The reduction in plant growth and development under abiotic
stress, such as flooding, salinity, or toxicity, is often linked to decreased ATP synthesis and
reduced photosynthetic rates [53]. Consistently, our previous findings demonstrated that
foliar Se application did not negatively affect the photosynthetic rate [13].

Table 2. Changes in the plant relative elongation rate (PRER, cm cm ™! d ') under selenium foliar
application treatments.

PRER
Treatment (cm em—1 d-1)
Control 0.91 £+ 0.09 ab
Selenate 1 mM 0.86 + 0.04 ab
Selenate 2 mM 0.79 £ 0.15 ab
Selenite 1 mM 0.83 £ 0.01 ab
Selenite 2 mM 0.76 = 0.02a

Note. The results are expressed as the means (n = 3) & standard errors. The means not sharing any letter are
significantly different according to the LSD test at the p < 0.05 level of significance.

The chlorophyll index, which indirectly measures leaf chlorophyll content, is a useful
indicator for detecting nutrient deficiencies or other stress factors limiting plant growth
and productivity [49,54], and showed no significant differences between Se treatments at
different growth stages (Table S1). This lack of variation is consistent with Mufioz et al. [13],
who concluded that Se-treated plants were not subjected to noticeable stress. However, our
findings contrast with those of Palencia et al. [55], who found that Se-treated strawberry
plants exhibited older greener leaves compared to controls. The absence of significant
changes in CI in our study may be attributed to the fact that plants were harvested at
commercial maturity, rather than physiological maturity. In broccoli cultivation, the com-
mercial harvest typically occurs before floret anthesis, when the flower buds are still tightly
closed and the head is firm and compact [56]. This stage ensures that the broccoli head
is tender and suitable for consumption [57]. However, harvesting at this point means the
plant has not yet reached physiological maturity, as it has not completed its full life cycle,
including seed production. This distinction could explain the lack of observable effects
of Se treatment on leaf greenness, as chlorophyll accumulation in older leaves may be
more pronounced when plants are allowed to reach full physiological maturity, as noted by
Palencia et al. [55].

3.2. Effect of Foliar Selenium Application on Biomass Distribution, Fresh Weight, Firmness, and
Diameter of Broccoli Heads

The foliar application of Se significantly influenced several morphological and physio-
logical parameters in broccoli plants. Both selenate and selenite treatments increased the
FW of broccoli heads. Specifically, 1 mM selenate resulted in a 133% increase in FW, while
2 mM selenate and both 1 mM and 2 mM selenite treatments produced a 98% increase
compared to the control (Figure S1). These findings contrast with Sindelarova et al. [17],
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who reported no significant changes in head FW across various broccoli cultivars (‘Herak-
lion’, ‘Marathon’, ‘Parthenon’, and ‘Naxos’) after Se application. However, in the ‘Belstar’
cultivar analyzed here, the Se treatments positively affected FW, likely by enhancing the
water content of the heads, as previously suggested by Muifioz et al. [13]. This indicates
that the response to Se treatments is cultivar-dependent and highlights the potential of Se
biofortification to improve consumable yield.

In terms of biomass partitioning, DW analysis revealed that Se treatments generally
did not alter the dry matter content of leaves or heads, except for a significant increase in
stem DW in plants treated with 2 mM selenate and 1 mM selenite (Figure 1). This finding
aligns with Mufioz et al. [13], who observed no significant changes in the dry weight
of broccoli heads following foliar Se application, despite notable increases in FW. Such
effects have been attributed to enhanced water use efficiency (WUE), primarily due to
reduced transpiration rates rather than increased photosynthetic activity, as suggested by
Muiioz et al. [13].

m Head
m Leaves

2100 1 Stem
) 80
: 60 - 4 : a
40 1
! 4 ab
0

20 - . ab

Dry matter partition (

Control [ ImM'" 2mM | 1TmM " 2mM
Selenate Selenite

Figure 1. Effect of selenium treatments on the dry matter partitioning of different tissues at harvest.
The results are expressed as the means (1 = 3) & standard errors. The means not sharing any letter
are significantly different according to the LSD test at the p < 0.05 level of significance.

Head firmness, a critical parameter for commercial quality, was unaffected by Se
treatments regardless of dose or salt type (Figure S1). Similarly, HD showed no significant
variation across treatments, except for a slight increase under 1 mM selenite (Figure S1).
These results corroborate previous reports, which found minimal effects of Se application
on head diameter in other broccoli cultivars (‘Legend’, ‘Formoso’, and ‘Legacy’) [13,18,31].
Ghasemi et al. [15] also reported negligible impacts of Se on this parameter, further sup-
porting our findings.

Based on these results, foliar Se application significantly enhances broccoli head
FW, primarily by increasing water content, without substantially affecting dry matter
content, head firmness, or diameter under the tested conditions. This underscores the
commercial advantage of Se biofortification, which improves yield without compromising
marketable quality.

3.3. Principal Component Analysis of Selenium Treatments on Growth, Morphological, and Yield
Parameters in ‘Belstar’ Broccoli

The PCA biplot for the broccoli ‘Belstar” cultivar (Figure 2) reveals the distribution
of growth, morphological, and yield parameters in response to the various Se treatments.
Principal components 1 (PC1) and 2 (PC2) together account for 70.9% of the total variation,
with PC1 explaining 46.2% and PC2 accounting for 24.7%. The high sum of squares
(SC) value of 51.1, a value of 0.986 for CCC, and the distinct separation of the treatments
confirm the effectiveness of the multivariate analysis in discriminating between the different
Se treatments.
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Figure 2. Principal component analysis of broccoli plants grown with foliar application of selenium.
Growth parameters measured (red circles): PH, plant height; LA, leaf area; CI, chlorophyll index.
DAT: Days after transplant (78, 85, 90). Yield and morphological parameters measured at harvest
time (green circles): FW h, head fresh weight; FW s, stem fresh weight; FW 1, leaf fresh weight; DW h,
head dry weight; DW s, stem dry weight; DW 1, leaf dry weight; HF, head firmness; and HD, head
diameter. Treatments (blue circles): control, 0 mM selenium; 1 mM ite, 1 mM selenite; 2 mM ite,
2 mM selenite; 1 mM ate, 1 mM selenate; and 2 mM ate, 2 mM selenate. PC 1: Principal Component 1.
PC 2: Principal Component 2. SC: sum of squares. MST: minimum spanning tree.

A positive correlation was observed between yield-related parameters such as head
fresh weight (FW h), stem fresh weight (FW s), leaf fresh weight (FW 1), and head dry
weight (DW h), which are located toward the right side along PC1. These parameters
showed a strong relationship with higher yields. Additionally, HD is positively associated
with these parameters, supporting its role as a marker of higher yield in ‘Belstar’.

In contrast, early growth parameters, including LA at 78, 85, and 90 DAT; PH at 78, 85,
and 90 DAT; and CI at 85 and 90 DAT, were negatively correlated with yield parameters.
These early growth markers are located to the left of PC1 and partially along PC2. This
suggests that larger leaf area and plant height, typically associated with early vegetative
growth, are inversely related to yield parameters in this cultivar. Head firmness also aligns
with these early growth parameters, indicating a negative relationship with the final yield.

The PCA results highlight that the most significant treatment was the application of
1 mM selenite, followed by 2 mM selenite, which led to increased head fresh weight and
other yield-related parameters. Conversely, the control treatment and 2 mM selenate were
the least effective, as they showed minimal impact on the evaluated parameters, especially
head fresh weight. These results align with the treatment rankings derived from the PCA,
where 1 mM selenite resulted in the highest head fresh weight, confirming the positive
effect of this treatment on the ‘Belstar” cultivar.

In conclusion, the PCA clearly demonstrates that Se treatments, particularly 1 mM
and 2 mM selenite, positively affect the yield by influencing parameters such as head fresh
weight and head diameter. This suggests that the foliar application of Se can enhance
broccoli yield, although the specific effects vary depending on the treatment.

Considering the previous report by Mufioz et al. [13], which demonstrated that Se
accumulation in broccoli heads is dose-dependent and the significant positive influence
of the 2 mM Se dose on the evaluated parameters, we decided to analyze the effect of
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this dose on the nutraceutical parameters and plant hormone content in the leaves, as
detailed below.

3.4. Selenium Improves Nutraceutical Parameters in Broccoli By-Products
3.4.1. Biochemical Parameters

Broccoli by-products can be used as functional food ingredients in the food industry
because of their nutritional qualities [19,20,58,59]. In the present study, the leaves that
remained as remnants of plants after the harvest of heads were considered by-products.

Among the parameters of nutritional quality, the level of antioxidants is the most
interesting since it plays a critical role in human health because it can prevent oxidative
damage to molecules and different cellular components [22]. The total antioxidant capacity
significantly increased when the plants were treated with 2 mM selenate compared to
that of the control. However, no significant changes were observed when the plants were
treated with 2 mM selenite (Table 3).

Table 3. Effect of foliar application of selenium on nutritional quality parameters in broccoli leaves.

Control Selenate 2 mM Selenite 2 mM
Antioxidant capacity
(mg ascorbic acid equiv. g_1 DW) 276 £0.11a 438 +£0.37b 344 +0.14a
GSH-Px activity
U g_1 DW) 0.70 £ 0.03 a 1.05 £+ 0.13 a 1.20 £ 0.28 a
Phenolic compounds
(mg gallic acid equiv. g_1 DW) 427+ 034 a 6.93 £ 0.84b 6.53 £ 0.54b
Soluble proteins content 0.15 + 0.01 a 0.43 + 0.02 c 0.24 +0.02b

(mg g~ DW)

Note. The results are expressed as the means (1 = 3) & standard errors. The means not sharing any letter are
significantly different according to the LSD test at the p < 0.05 level of significance.

In this study, the antioxidant capacity of leaves was also assessed through both en-
zymatic systems, such as glutathione peroxidase (GSH-Px), and non-enzymatic systems
including phenolic compounds. Neither of the Se salt treatments resulted in significant
changes in GSH-Px activity compared to the control (Table 3). However, the concentration
of phenolic compounds in Se-treated broccoli leaves was significantly higher than in control
leaves, regardless of the Se salt applied (Table 3). A strong positive correlation (r = 0.7899)
was observed between total antioxidant activity and phenolic compound content, which is
consistent with the findings of Hwang and Lim [22], who reported a correlation coefficient
of 0.880 for broccoli by-products. Likewise, Dominguez-Perles et al. [19] demonstrated
a strong relationship between total phenolic content in broccoli heads and DPPH radical
scavenging activity.

The enhancement of the antioxidant status in broccoli leaves following Se treat-
ment observed in this study aligns with the findings of Bouranis et al. [58] and Mar-
tirosyan et al. [59], further emphasizing the synergistic relationship between Se and other
inherent antioxidants.

Although Se is not considered essential for plants, low concentrations of Se are known
to boost antioxidant defense mechanisms in crops [54]. This improvement is directly
associated with the plant’s ability to mitigate oxidative stress and strengthen defense
mechanisms against pathogens. For example, the study on banana plants by Liu et al. [60]
highlighted that Se application significantly increased antioxidant capacity, contributing to
enhanced resistance against Fusarium oxysporum. Furthermore, Liu et al. [60] reported that
Se application stimulated the production of resistance-related metabolites and upregulated
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defense genes, which could potentially explain the improvements in biochemical properties
observed in broccoli.

On the other hand, the increase in phenolic compound levels in the leaves result-
ing from Se application underscores the nutritional value of the by-products. Among
natural antioxidants, phenolic compounds are particularly potent [61], and agricultural
products with high polyphenol content have the potential to reduce the risks associated
with oxidative stress, such as cancer, inflammation, cardiovascular diseases, and premature
aging [61].

Additionally, Se treatments significantly increased the soluble protein content in
broccoli leaves (Table 3). The foliar application of 2 mM selenate and 2 mM selenite resulted
in a 186% and 60% increase, respectively, compared to the control. Other studies reported
that high Se doses in green pea leaves reduced soluble protein content, indicating a potential
threshold for Se application beyond which negative nutritional effects may occur [62,63].
In this context, the observed increase in soluble protein content in broccoli leaves facilitated
by Se not only enhances their nutritional value but also underscores their potential as a
high-quality source of functional ingredients.

3.4.2. Foliar Application of Selenium Increases the Mineral Content of Broccoli By-Products

The ash content in leaves is commonly higher than the ash content in other plant
tissues of the same species, so broccoli leaves might be a better source of minerals than the
head or the stem [58]. Furthermore, understanding the interactions between Se and other
elements in plants is crucial for the development of functional foods with high Se content
derived from by-products. Consequently, investigating potential variations in different
dietary minerals associated with Se biofortification in plants is of particular importance [62].
The foliar application of Se did not significantly change the mineral concentrations of K, P,
B, Zn, Cu, or Ni in broccoli leaves (Table 4), similar to the findings of Golubkina et al. [14]
for different Brassicaceae crops.

However, the Se concentration in the leaves increased significantly following the
foliar application of both Se species, with a 100-fold increase for 2 mM selenate and
a 150-fold increase for 2 mM selenite compared to the control. Similarly, Sindelarova
et al. [17] reported that a foliar application of 50 g ha~! selenate (equivalent to 1 mM)
significantly increased the total Se content in broccoli leaves by 32.5-fold. Li et al. [64] also
found Se concentrations ranging between 1.4 and 3.9 pug g~! DW in untreated broccoli
leaves, which were higher than those in the control of this study but lower than those in
plants treated with 2 mM selenite and selenate.

On the other hand, variations in Se content can alter absorption pathways or modify
the ionic permeability coefficient of the plasma membrane, thereby influencing the accu-
mulation of minerals in plant cells. These changes can manifest as early physiological
responses to Se application [65].
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Table 4. Mineral concentration (ug g~! DW) in broccoli leaves treated with selenium.
pug g1 Control Selenate 2 mM Selenite 2 mM.
Se 0.27 +0.00 a 2722 4+0.26b 4044 £1.37 ¢
K 17,258 + 1872.09 a 14,904 £ 393.08 a 18,808 £ 1932.60 a
p 2910 £91.53 a 2687 £ 146.30 a 2917 £ 195.65 a
Mg 2811 + 83.89 ab 2518 £ 60.11a 3200 + 143.72b
Ca 12,809 +789.73 a 11,987 £ 519.65 a 19,826 £+ 1183.18 b
S 8257 £ 63.98 a 9871 + 446.20 b 12,971 +43.52 ¢
Fe 27.69 £ 227 a 42.66 +3.14b 4648 £2.35Db
Mn 36.61 +2.67 a 29.14+320a 5234 £1.62Db
B 36.53 £ 1.79a 3747 +1.88 a 37.39 £3.05a
Zn 25.66 £ 0.13 a 26.70 £ 0.95 a 2516 £1.87 a
Mo 11.53 £ 0.01 a 9.69 + 0.69 a 1530 +£0.22b
Cu 232+ 0.36a 241 +025a 3.00+0.16 a
Ni 0.30 £ 0.05a 024 +001a 023+001a

Note. The results are expressed as the means (n = 3) & standard errors. The means not sharing any letter are
significantly different according to the LSD test at the p < 0.05 level of significance.

In this study, foliar concentrations of Ca, Mg, S, Fe, Mn, and Mo were significantly
affected by Se treatment compared to the control (Table 4). Selenite treatment significantly
increased the levels of all these elements, whereas selenate treatment only led to increased
concentrations of S and Fe. These values align with those previously reported for other
broccoli cultivars [20].

Saffaryazdi et al. [66] and He et al. [67] demonstrated that selenite biofortification pos-
itively affected Ca content in spinach and lettuce, respectively, although the magnitude of
the increase varied among species. Similarly, Rios et al. [68] reported significant differences
in Ca content in hydroponically grown lettuce biofortified with either selenite or selenate.
However, both Se species reduced Ca levels compared to untreated controls. The increase
in Ca observed in this study may be attributed to the ions’ role in regulating cell membrane
potential and turgor [69]. Magnesium also plays a protective role in maintaining the in-
tegrity of plant tissues [70] as part of a Se tolerance mechanism [71]. The observed increase
in Mg levels in broccoli leaves could suggest this possible involvement. In contrast, Boldrin
et al. [72] found that soil-applied selenate and selenite significantly increased Mg content
in rice, whereas foliar applications had no significant effect. This discrepancy may be
attributed to shorter exposure times in foliar applications compared to soil treatments [63].
Conversely, Rios et al. [68] observed decreased Mg content in lettuce under hydroponic
conditions with both Se species. These findings emphasize the importance of application
methods, as Se biofortification affects not only Se accumulation but also the levels of other
essential minerals [73,74].

Sulfur is a particularly relevant nutrient in the context of Se biofortification, as selenate
is absorbed through sulfate transporters [75]. Freeman et al. [76] observed that in Se-treated
Stanleya pinnata, the molecular mechanisms controlling Se accumulation involved a greater
expression of genes related to S assimilation, which could explain the elevated S levels
observed in this study. Similarly, Hawrylak-Nowak [75] reported a significant increase in S
content in the shoots of hydroponically grown lettuce treated with selenate, consistent with
the results observed for broccoli under foliar Se application (Table 4).

Selenium, along with trace elements such as Mn, Zn, Fe, and Cu, serves as a cofactor
for human endogenous antioxidant enzymes [77]. The impact of Se biofortification on
these trace minerals suggests that Se-enriched foods could influence antioxidant capacities.
Boldrin et al. [72] observed that soil-applied selenate significantly increased Mn and Zn
content in rice grains. While Mn levels often rise or remain stable following Se biofor-
tification, Zn levels typically show no significant changes. In this study, Mn content in
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broccoli leaves increased significantly after foliar selenite application, whereas Zn levels
remained unaffected (Table 4), highlighting the importance of the application method.
Furthermore, in Se-biofortified B. napus, the expression of the ZRT/IRT family member
(IRT1) was upregulated under selenite treatments, facilitating Mn translocation [78]. This
mechanism could explain the higher Mn content observed in broccoli leaves.

Another metabolic pathway influenced by Se is the variation in cellular redox bal-
ance [73], which involves antioxidant synthesis associated with the reduction in reactive
oxygen species (ROS) levels [79]. These changes are likely due to alterations in the concen-
trations of microelements acting as cofactors for various enzymes, including superoxide
dismutase (Fe, Mn, Cu, and Zn), peroxidase (Fe), and catalase (Fe) [79]. Depending on the
Se concentration, either a pro-oxidant or antioxidant response may be triggered, modifying
gene expression and altering transcript abundance and the post-transcriptional regulation
of various proteins, including transport proteins [80]. These mechanisms could partially
explain the variability observed in the concentrations of different elements in plants influ-
enced by Se application. For instance, high Se concentrations have been reported to increase
Fe absorption, whereas low Se concentrations reduce it in Pteris vittata [81]. Additionally,
soil-applied Se has shown no significant impact on Fe content in rice, whereas foliar sele-
nate application significantly increased Fe levels [68]. Conversely, He et al. [67] reported
that soil-applied selenite reduced Fe content in lettuce, while Rios et al. [68] observed
increased Fe content in hydroponically grown lettuce treated with both Se species. These
findings suggest a general trend of higher Fe content in hydroponic systems and lower or
unchanged levels under soil applications [63].

Regarding Cu, its content typically decreases or remains stable with Se biofortification,
as observed in this study. However, Rios et al. [68] reported increased Cu levels in lettuce
grown hydroponically with selenite. In general, Se biofortification can positively or neg-
atively affect the uptake of various minerals essential to human health [63]. Identifying
dietary minerals negatively impacted by Se biofortification is critical to assess potential
reductions in their dietary intake. Furthermore, given the high variability in application
techniques across studies measuring mineral content, additional research is needed to
develop optimized biofortification strategies for individual plant species.

Overall, these findings emphasize the complex interactions between Se biofortifica-
tion and mineral uptake. Selenium can modify transport and assimilation pathways for
various elements, influencing their concentrations in plant tissues. Understanding these
mechanisms is critical to optimizing Se biofortification strategies for specific plant species,
ensuring not only improved Se content but also balanced nutritional profiles.

Finally, the recommended daily allowance (RDA, %) was calculated for selenite-treated
leaves based on fresh tissue (100 g) according to Liu et al. [20]. The RDA of Fe (4.9%), Zn
(4.42%), Mn (44%), Ca (31.86%), S (11.8%), and Mg (14.7%) was significantly greater than
that of the controls. In this way, it was shown that the foliar application of Se not only
increases the content of this essential element but also improves the nutritional quality of
broccoli by-products through the accumulation of other beneficial mineral elements for
human health.

3.5. Differential Effects of Selenate and Selenite on Phytohormone Regulation in Broccoli Leaves:
Balancing Growth and Defense Responses

The application of Se treatments significantly influenced the concentrations of phy-
tohormones in broccoli leaves, as outlined in Table 5. Specifically, MJA levels increased
substantially under both selenate and selenite treatments compared to the control. This
increase suggests that Se may enhance plant defense mechanisms, as MJA plays a pivotal
role in stress and defense signaling pathways [81]. In contrast, JA levels were reduced
under selenate treatment, while selenite treatment resulted in intermediate levels. This
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reduction in JA may reflect the complex regulatory role of Se in modulating jasmonate
pathways, potentially balancing plant growth and defense responses, as noted by Skrypnik
et al. [45], who discussed Se’s impact on the modulation of growth—defense trade-offs
in plants.

Table 5. Phytohormone concentration (ng g_l DW) in broccoli leaves treated with selenium for
methyl jasmonate (MJA), jasmonic acid (JA), salicylic acid (SA), 3-indoleacetic acid (IAA), abscisic
acid (ABA), and aminocyclopropane-1-carboxylic acid (ACC).

ng g1 Control Selenate 2 mM Selenite 2 mM
[MJA] 15.05 £ 092 a 19.86 &= 3.03 ab 28.99 £2.43Db
[JA] 61.52 £5.74b 40.54 £2.89a 54.04 £ 6.32 ab
[SA] 3216.33 £204.84a  3306.33 £112.72a  9793.00 & 633.33 b
[TAA] 1227 +254a 2738 £3.47b 10.87 £ 091 a
[ABA] 51.08 £ 3.54b 97.44 + 6.38 c 28.84 = 6.51a
[ACC] 585+ 0.29b 6.75 £ 0.68 b 3.55 £ 0.60 a

Note. The results are expressed as the means (1 = 3) & standard errors. The means not sharing any letter are
significantly different according to the LSD test at the p < 0.05 level of significance.

Salicylic acid concentrations increased significantly under selenite treatment compared
to both the control and selenate treatments. Elevated SA levels are often associated with
enhanced systemic acquired resistance and improved pathogen defense [82]. The marked
increase in SA under selenite treatment suggests that this species of Se may be particularly
effective in activating SA-mediated defense pathways [83].

Indole-3-acetic acid levels were significantly higher under selenate treatment com-
pared to both the control and selenite treatments. As IAA is a critical hormone involved
in cell elongation and division, its elevation suggests that selenate promotes vegetative
growth and development under non-toxic Se concentrations [45]. Additionally, ABA con-
centrations were significantly elevated under selenate treatment, highlighting a key role for
ABA in mediating stress responses such as drought and salinity tolerance. The increase in
ABA under selenate treatment suggests that Se may enhance the plant’s capacity to mitigate
abiotic stresses, aligning with the findings of Chao et al. [82], who linked Se application
with enhanced stress resilience in plants.

Conversely, ACC, a precursor of ethylene, exhibited lower levels under selenite treat-
ment compared to both the control and selenate treatments. Ethylene is typically involved
in stress responses and senescence, and the suppression of ACC under selenite may alle-
viate stress-induced growth inhibition [45]. This suggests that selenite’s regulatory effect
on ethylene biosynthesis could enhance growth by reducing the impact of stress-related
signals [84], promoting plant growth.

These results align with the findings of Chao et al. [82], who reported that Se could
enhance plant defense systems through hormonal regulation, particularly by increasing
MJA and SA. The observed increase in SA under selenite treatment supports this notion,
as SA is known to activate systemic acquired resistance pathways that improve pathogen
defense. Similarly, the rise in IAA and ABA under selenate treatment corroborates the
work of Skrypnik et al. [45], who discussed Se’s role in regulating secondary metabolism
and stress adaptation. These findings further highlight the differential effects of selenate
and selenite on hormone regulation, underscoring the importance of Se speciation in
determining its physiological impact on plant growth and defense mechanisms.

The distinct effects of selenate and selenite on hormonal regulation demonstrate
the potential for tailoring Se supplementation strategies in agriculture. While selenate
enhances growth-related hormones (IAA and ABA), selenite primarily affects defense-
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related hormones (MJA and SA), emphasizing the need for an optimal balance between
growth promotion and defense activation to improve plant resilience and productivity.

3.6. Antifungal Potential of Selenium-Biofortified Broccoli Leaf Extracts Against Fusarium solani

Building on the previously conducted biochemical (Table 3) and hormonal analysis of
broccoli leaves (Table 5), which highlights their association with plant defense mechanisms,
this study investigated the antifungal potential of aqueous extracts from untreated and
2 mM selenite-treated broccoli leaves (Figure 3). The results demonstrated that both treat-
ments, the leaf extract (LE) and the selenite-treated leaf extract (Selenite-LE), significantly
inhibited the hyphal growth of F. solani compared to the control and the selenite-only
treatment. Specifically, LE, corresponding to an aqueous extract of untreated broccoli
leaves, achieved approximately 40% inhibition of fungal growth relative to the control. In
contrast, Selenite-LE, derived from broccoli leaves treated with 2 mM selenite, exhibited
a substantially higher inhibitory effect, with fungal growth inhibition of approximately
67.5% compared to the control. However, the selenite-only treatment exhibited a weak
inhibitory effect, which was not significantly different from the control. This indicates
that while Se alone may contribute to fungal growth inhibition [85-87], its effect is less
pronounced than that observed with the biofortified extracts.
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Figure 3. Effect of broccoli leaf aqueous extracts on F. solani hyphal growth. (A) Spores of F. solani
were incubated in the presence of water (control), selenite (9.7 ng uL~h), aqueous extracts of untreated
broccoli leaves (LE), or selenite-treated broccoli leaves (Selenite-LE). After incubation, the morpho-
logical changes were analyzed by bright-field microscopy (40x). (B) The hyphal growth index was
calculated as ratio between the average lengths of hyphal and spore. The results are expressed as
the means (1 = 25) & standard errors. The means not sharing any letter are significantly different
according to the LSD test at the p < 0.05 level of significance.

A comparison with previous findings by Hanson et al. [88] revealed that B. juncea
seedlings treated with Se and subsequently infected with a Fusarium spore suspension
experienced less biomass compared to untreated seedlings, despite both groups exhibiting
infection symptoms. Furthermore, higher Se concentrations inhibited Fusarium growth,
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suggesting that Se may directly suppress fungal development. These findings are consistent
with the inhibitory effects observed in the present study, supporting the hypothesis that Se
enhances the antifungal properties of aqueous broccoli leaf extracts.

Several studies have demonstrated Se’s potential to mitigate the harmful effects
of pathogens. For example, Se has been shown to effectively reduce fungal dis-
eases caused by Fusarium spp. and Sclerotinia sclerotiorum in Brassicaceae species (B.
juncea and B. napus), Solanaceae species (Solanum lycopersicum), and Helianthus species
(Helianthus annuus) [88-91]. In a related study, Somalraju et al. [92] demonstrated that foliar
Se application reduced the severity and incidence of late blight in potato plants. Also, Se
has been shown to inhibit the growth of several fungal pathogens, including F. oxysporum,
F. graminearum, Botrytis cinerea, Aspergillus flavus, and Penicillium expansum [87,91,93,94].

This protective effect was attributed to Se’s dual role as a pathogen growth inhibitor
and an elicitor of induced plant defense mechanisms. This evidence suggests that Se’s
antifungal efficacy may extend beyond F. solani to other plant—pathogen interactions.

Furthermore, selenium nanoparticles (Se-NPs) have been reported to exhibit significant
antimicrobial activity, as demonstrated by Nowruzi et al. [95]. This indicates that the
antimicrobial efficacy of Se can vary depending on its chemical species and application
method, thereby opening avenues for further optimization.

Taken together, these findings highlight the potential of Se, particularly via foliar
application, to enhance plant defense responses and inhibit fungal pathogen growth,
supporting its use as a sustainable strategy in plant disease management [88,96].

4. Conclusions

The present study demonstrates the significant potential of Se biofortification in
broccoli, particularly with 2 mM selenite, to enhance both the nutritional and functional
properties of broccoli by-products. Se biofortification increased Se content, antioxidant
capacity, phenolic compounds, soluble proteins, and essential minerals such as calcium,
magnesium, sulfur, and iron. Additionally, Se-enriched broccoli leaves exhibited antifungal
activity against F. solani, highlighting their potential as natural biopesticides. These find-
ings emphasize the dual benefits of Se biofortification, improving human health through
enhanced nutritional quality while simultaneously supporting sustainable agricultural
practices by valorizing crop residues. This strategy not only addresses global Se deficiencies
but also promotes environmental sustainability. The results advocate for the adoption of
Se biofortification as an agronomic and industrial approach with potential applications
in both health and sustainability. Future research should further explore the integration
of Se-enriched by-products into functional foods and agricultural practices to maximize
these benefits.
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